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0w measurement is practised in many areas of mechaised activity. Examples are: fuel flow into engines, cooling flows in power stations, water distribution through irrigation channels, and an enormous range ofliquid, gas and slurry flows within the food, beverage and petrochemical industries. There is also a wide range of flow measurement devices; some are long established, e.g. the orifice plate, used on the natural gas national grid, and newer technologies, e.g. ultrasoillld, now being used by water authorities for water distribution.
Measurements are usually made for one of the following purposes: control of a process (e.g. energy transfer in a heat exchanger), control of product composition (e.g. soup), delivery of product for fiscal purposes (e.g. tax on North Sea product coming on-shore), sale to a customer as a packaged item (e.g. bottle of perfume), and medical diagnosis and monitoring (e.g. cardiac function).
In many applications, measurements are required to deliver mean flow rate information only or totalised flow, i.e. the mass delivered over an identified time period. There is a relatively long history (70 years or so) of flow metering research aimed towards achieving an accurate indication of mean flow in the presence of pulsations. There has been much less apparent interest in looking at flow measurements in order to determine flow pulsation waveform and amplitude information (i.e. dynamic features).
There is, however, some history of interest in determining the details of time varying flows. In the mid-twentieth century there was a relatively small number of areas in which there were attempts to make measurements of the time histories of unsteady flows (i.e. dynamic measurements). Examples include: measurement of pulsating gas flows in relation to internal combustion engine research, in which the time-varying pressure differential across a sharp-edged orifice was recorded (Earles and Zarek J ). There were also the beginnings of what subsequently became a major measurement activity: that of determination of blood flow pulsation time histories (frequency range 1 to 3 Hz). This became an important feature in the diagnosis of cardiovascular disease and the evaluation or" congenital abnormalities. The development of an electromagnetic flow meter with an adequate dynamic performance was closely associated with this application. Significant work was contributed by Wyatt 2 , who developed cuffinstrurnents for application aroillld blood vessels exposed during surgery. At a similar time Mills 3 developed a cathetermOilllted electromagnetic flow meter which could be inserted into major arteries and the heart via a peripheral artery, which necessitated only the use of a local anaesthetic.
It continues to be true that large numbers of dynamic flow measurements are made daily in hospitals throughout the developed world. In the measurement of cardiovascular There appears to be very little published work on dynamic flow measurement. However, a recent paper (Wiklillld and Peluso4) from one of the major meter manufacturers reported work in which the dynamic performance of four types of flow meter -differential pressure (orifice plate), vortex, electromagnetic and Coriolis -were studied through their response to very low frequency (maximum 2 Hz) pulsations. Somewhat surprisingly, these authors reported that it would be both too difficult and inappropriate to use a step response test for these meters. Their meter response results were reported in terms of meter "dead" time and time constant (the latter for various user selected values of damping), assuming either a first or second order system. A conversion of these results to an equivalent step response for the fastest meter of each type was presented by Henry et a15. These results led Wiklillld and Peluso to conclude that the fastest response was produced by a differential pressure device (orifice plate). It is worth noting that a much faster response than that produced by a commercial DP transmitter could be obtained by using a very small compliance pressure transducer with short connecting lines ("impact tubes"), coupled to ensure a completely air-free assembly. Such a secondary measurement system can achieve, for example, a flat amplitude response up to 200 Hz (Clark6).
It is clear that Wiklillld and Peluso's Coriolis meter has a significantly poorer dynamic performance than the other meter types. Interestingly, these authors do not comment on the reasons for this very slow Cariolis meter response, neither do they give any indication of whether they think the response can be improved. In contrast to these findings, it is clear from the second paper in this Special Feature that Cariolis meters have a very significant potential for a good dynamic performance. Further, the final paper makes clear that a good dynamic meter performance has now already been achieved through use ofthe (prototype) new Oxford flow transmitter.
Context
The need for dynamic flow measurement in the industrial context is increasing significantly as a result of the increased usage ofshort duration flows and the general requirement ofimproved measurement accuracy to maintain quality control. Sources of unsteadiness in flows include the following: reciprocating pumps and compressors and other positive displacement devices including rotary blowers and gear pumps (small amplitude pulsations). Flow control operations may also have significant dynamic effects, particularly in the production of short duration flows, and including plant start-up and shut-down.
An example of errors in the turbine flow meter measurements of rapidly varying flows produced by the control system on a gas line supplying an industrial burner which was operating a short duration duty cycle is given by Cheesewright et aJ7. It is well known that gas turbine meter response to mean flow rate is erroneously high in a pulsating flow, also that this type of meter has a poor dynamic response. Less well known are both the mean flow response and the dynamic response of liquid flow turbine meters to pulsating flows. The dynamic response has been investigated recently for water flow through small turbine meters of size 25 mm and below (Lee, Cheesewright, Clark 8 ) .
Reciprocating pump installations may produce pulsations of very large amplitude, particularly diaphragm pumps operating at low frequencies, e.g. in the range 0.4 to 10Hz, in a paint mixing plant. This places particular demands on the flow measurement installation. Batching and dosing flows are used for an increasing number ofapplications. Fast batching flows are widely used for the final packaging of a product (e.g. propellant in aerosols, resins for adhesives, refrigerant in car air-conditioners). Other short duration flows occur in the dosing of product components within a manufacturing process (pigments into paint, flavouring syrup into drinks). Short duration batching is now used extensively with flow times of I s or less, e.g. the filling of liquid medicines into ampoules (a typical figure is 25,000 units per day).
In fast batching, the control sequence results in the flow being suddenly started, there may then be a brief'quasi-steady phase, followed by a sudden stopping of the flow. The transient events of flow start and stop become a significant fraction of the total batch period. A mass flow meter with a dynamic response that enables it to follow the flow transient is required to ensure the specified accuracy is met for the totalised mass delivered in batch flow applications. An important additional feature is the ability of a meter to maintain accuracy when the batching may start from the meter empty condition.
There is now the demand to work towards a sub-lOO ms batch flow duration, e.g. for the filling ofperfume bottles and other high-value small-quantity products. The achievement of high-accuracy flow measurement in such short duration flows places a particularly high demand on the dynamic performance capability of a flow meter.
For bottle filling operations with liquids ofsuitably high ionic content, -e.g. water based drinks -, there are dedicated electromagnetic flow meters available with, the manufacturers claim, an appropriate dynamic response. These meters are not suitable for low ionic liquids -for example, high alcohol products (e.g. spirits) or oil-based substances (e.g. salad cream, olive oil).
New Applications
New application areas for dynamic flow measurement include faster control of the fuel supply to both static and marine gas turbine engines. Meter response times of 10 ms will be required to enable closed-loop control response times of 2Oms, thus providing improved plant response time, fuel efficiency and reduced emissions. There is also a similar fast dynamic response requirement for aircraft gas turbine engine fuel control. This would enable simplification of the currently used control systems, with the consequential potential for improvements in responsiveness, reliability and reduced cost.
A much greater challenge exists for the measurement of the time history of the individual flow pulses produced by automotive fuel injectors. Such a meter would provide a usewwwJRStmc.Ol'll.uk Feature + ful research tool for further developments of common rail diesel injection systems, for example, but would require a sub-millisecond response time.
These new application challenges are currently being addressed through an EPSRC funded joint research project being undertaken by Oxford and BruneI Universities.
Contributed Papers
The three papers within this Special Feature on Dynamic Flow Measurement are focussed on meters for measurement primarily, but not exclusively, within a broad industrial context. The electromagnetic flow meter has a relatively long history within dynamic flow measurement. The first paper from Cranfield examines the influence of the excitation frequency of the magnetic field upon dynamic performance of the meter. The paper then outlines why limitations are placed upon the excitation frequency (and how these may be overcome) and the associated measurement errors.
Arising from very recent work at Brunel University, in which the dynamic performance of the flow tube component ofCoriolis flow meters has been evaluated, the potential for an outstanding dynamic response from these meters has been clearly revealed and demonstrated (Cheesewright et af9) . This is a significant development, given the other high performance aspects ofthe Coriolis flow meter; the second paper following presents an outline of these fmdings. The final paper from Manus Henry presents the very considerable dynamic performance capability of a commercial flow tube when using the new, ground-breaking, Oxford flow transmitter.
